Multisubunit protein assemblies offer integrated functionalities for efficient cell signal transduction control. One example of such protein assemblies, the BRCA1-A macromolecular complex, couples ubiquitin recognition and metabolism and promotes cellular responses to DNA damage. Specifically, the BRCA1-A complex not only recognizes Lys 63 -linked ubiquitin (K63-Ub) adducts at the damaged chromatin but is endowed with K63-Ub deubiquitylase (DUB) activity. To explore how the BRCA1-A DUB activity contributes to its function at DNA double strand breaks (DSBs), we used RNAi and genome editing approaches to target BRCC36, the protein subunit that confers the BRCA1-A complex its DUB activity. Intriguingly, we found that the K63-Ub DUB activity, although dispensable for maintaining the integrity of the macromolecular protein assembly, is important in enforcing the accumulation of the BRCA1-A complex onto DSBs. Inactivating BRCC36 DUB attenuated BRCA1-A functions at DSBs and led to unrestrained DSB end resection and hyperactive DNA repair. Together, our findings uncover a pivotal role of BRCC36 DUB in limiting DSB processing and repair and illustrate how cells may physically couple ubiquitin recognition and metabolizing activities for fine tuning of DNA repair processes.
Active hydrolysis of ubiquitin polymers by deubiquitylases (DUBs) 2 has emerged as important biochemical processes that underlie diverse signal transduction pathways, including cell responses to DNA damage (1) . To date, around 94 human DUBs have been identified and are classified into five families: ubiquitin C-terminal hydrolases, ubiquitin-specific proteases, ovarian tumor proteases, Josephins, and JAB1/MPN/MOV4 metalloproteases. Notably, the JAB1/MPN/MOV4 metalloprotease family members are zinc-dependent metalloproteases, and the other families are cysteine proteases (1) .
BRCC36, originally reported as the BRCA1/BRCA2-containing complex subunit 36 (2) , is endowed with DUB activity for lysine 63-linked ubiquitin polymers (K63-Ub). BRCC36 DUB relies on its zinc-dependent JAB1/MPN/MOV4 metalloprotease domain (3) and its interaction with Abraxas/KIAA0157 (3) (4) (5) . Although BRCC36 forms distinct nuclear and cytoplasmic complexes (5, 6) and plays pleiotropic roles during cell proliferation, the K63-Ub DUB is arguably best known for its strong links with the breast and ovarian susceptible gene product BRCA1 in DNA damage responses (DDRs). Indeed, BRCC36 resides within the BRCA1-A macromolecular protein complex, which comprises the ubiquitin-binding protein RAP80, BRCC45/BRE, Abraxas/CCDC98, Merit40/NBA1, and BRCA1. The BRCA1-A complex is targeted to chromatin domains surrounding DNA double strand breaks (DSBs) by the ubiquitin-binding protein RAP80, which preferentially binds to K63-Ub adducts generated by the ubiquitin-conjugating enzyme UBC13 (3, (7) (8) (9) (10) (11) (12) . Abraxas plays a major scaffolding role to support the integrity of the BRCA1-A assembly and directly anchors the tumor suppressor BRCA1 via a phosphorylation-dependent interaction (13) (14) (15) . Indeed, BRCA1, via its phosphopeptide-binding BRCT domain, directly engages Abraxas at pSPXF (where pS represents phosphoserine). A more recent study also revealed that an additional phosphorylation event in the vicinity of pSPXF (serine 404) further stabilizes the Abraxas-BRCA1 interaction by formation of a stable dimer (16) . Other components of the BRCA1-A complex, including Merit40 and BRE, are also key in maintaining the integrity of the macromolecular protein complex (6, 9, 17, 18) and for BRCA1 accumulation at DSB sites. Together, these data underscore critically important roles of each of the subunits that make up the protein assembly.
BRCC36 has established roles in promoting BRCA1 function in the DDR. Depletion of BRCC36 compromised the G 2 /M cell cycle checkpoint, impaired BRCA1 recruitment onto DSBs, resulted in hyperactive homologous recombination (HR)-based gene conversion events and hypersensitized the cell to genotoxic stress (7) (8) (9) (10) (11) (12) . Consistent with the idea that dysregulated DNA repair promotes tumorigenesis, aberrant expression of BRCC36 has been associated with breast carcinomas (19) and nasopharyngeal carcinomas (20) and represents a promising prognostic marker and a potential target in the therapies for these cancer types. Although BRCC36 has emerged as an essential enzymatic activity in the mammalian DDR, the metabolism of K63-Ub chains and its contribution to DDRs remain obscure. In this study, we report our findings that support an instrumental role of the BRCC36 DUB activity in limiting DNA end resection and in fine tuning HR repair.
Results
BRCC36 DUB Activity Suppresses HR Repair-DSBs are predominantly repaired by one of two major DSB repair pathways: non-homologous end joining or HR. Intriguingly, emerging evidence highlights a key role of the tumor suppressor BRCA1 in maintaining the balance between HR-and non-homologous end joining-mediated DSB repair (21) . This is accomplished, in part, by its ability to form distinct macromolecular protein assemblies (22) . Indeed, whereas BRCA1 plays established roles in promoting HR repair, the BRCA1-A complex, composed of RAP80, BRCC36, BRCC45/BRE, Abraxas/CCDC98, and Merit40/NBA1, has recently been reported to counter HR repair by inhibiting DSB end resection (23, 24) .
We are particularly interested in the BRCA1-A complex not only because it is a highly stable macromolecular complex but also because it is endowed with both ubiquitin binding and ubiquitin hydrolyzing activities specific for K63-Ub polymers.
Although K63-Ub binding has been associated with targeting of the BRCA1-A complex onto DSBs (8, 11, 13) , the functionality and requirement of the BRCC36-encoded K63-Ub DUB activity remains unexplored. This prompted us to experimentally test whether the BRCC36 enzymatic activity is required for the BRCA1-A complex function in DDRs. To this end, we employed the HR-based gene conversion assay to measure DSB repair activity (25) . The reporter was integrated into U2OS cells (DR-U2OS), and HR repair can be monitored by assaying for GFP positivity upon introduction of the I-SceI endonuclease (Fig. 1A) . We first established that BRCC36 suppresses DSB repair via HR. Consistent with previous reports (23, 24) , siRNA-mediated depletion of BRCC36 led to increased rates of HR repair (Fig. 1B) , whereas inactivation of the HR repair factor PALB2 led to a marked reduction in DSB repair events (26) . To directly examine how the BRCC36 DUB contributes to DSB repair, we generated cells that stably express siRNA-resistant FIGURE 1. BRCC36 DUB activity negatively regulates HR-based repair. A, schematic diagram showing the direct repeated GFP assay to measure HR-mediated DSB repair. Expression of the I-SceI endonuclease leads to a gene conversion event involving the two GFP fragments and restoration of functional GFP proteins. B, BRCC36 limits HR repair. BRCC36-depleted direct repeated GFP cells that stably express either siRNA-resistant HF-BRCC36-WT or its enzymatic inactive mutant H122Q/H124Q (QSQ) were electroporated with an I-SceI expression construct. Cells were incubated for 48 h, and GFP-positive cells arising from gene conversion events were quantified by BD Canto II analyzer. Knockdown of the HR factor PALB2 was used as a control in this assay. Data are representative of three independent experiments (right). *, p Ͻ 0.05 versus control (HF). Representative flow cytometric profiles showing percentages of GFP-positive direct repeated GFP cells are shown. C, immunoblotting was performed to assess knockdown efficiency of BRCC36 by use of siRNA and the expression of HF-BRCC36 WT and QSQ in stable cells. Error bars, S.D. versions of BRCC36 WT or its DUB enzymatic mutant BRCC36 H122Q/H124Q (QSQ). The QSQ mutation abolishes the BRCC36 DUB activity (10) . Notably, following the siRNAmediated silencing of endogenous BRCC36, reintroduction of BRCC36 WT reversed the hyperactive HR repair phenotype, whereas BRCC36 QSQ did not ( Fig. 1, B and C). These data suggest that BRCC36 restricts HR repair in a manner that requires its DUB activity.
BRCC36 DUB Enforces Its Accumulation at DSBs-To complement the siRNA-mediated knockdown studies, we generated BRCC36 KO cells by use of the CRISPR/Cas9 genome editing approach ( Fig. 2A ). We selected BRCC36 KO clones by analyzing BRCC36 expression by Western blotting and indirect immunofluorescence experiments (Fig. 2, B and C). Following the isolation of BRCC36 KO cells, we reconstituted these cells with either BRCC36 WT or its DUB mutant (QSQ; Fig. 2D ). Notably, in sharp contrast to those observed previously in RNAi studies (see Fig. 2E ), expression of the various BRCA1-A subunits, including RAP80, Merit40, and BRE, did not noticeably differ in BRCC36 KO or reconstituted cells ( Fig. 2F ). Given a documented role of BRCC36 in maintaining the integrity of the BRCA1-A complex, we also performed co-immunoprecipitation experiments to compare the interaction of WT BRCC36 and its QSQ mutant with various subunits of the protein complex. Importantly, assembly of the core complex did not depend on the BRCC36 DUB, indicating that the K63-Ub deubiquitylating activity is dispensable for the stable interactions of the subunits (Fig. 2G ). Intriguingly, although expression of ectopic BRCC36 did not differ in the reconstituted cells (WT versus QSQ; Fig. 2F ), and there was minimal difference in cell proliferative capacity as indicated by BrdU incorporation (Fig. 2H ), ionizing radiation (IR)-induced focus formation of BRCC36 QSQ was reproducibly weaker than that of its WT counterpart ( Fig. 2D ). Although this was unexpected, we reasoned that BRCC36 DUB may be important in promoting the stable accumulation of the BRCA1-A complex at DSBs and hence may explain why cells with inactivated BRCC36 DUB were hyperactive in HR repair ( Fig. 1B) . To corroborate the observation made from indirect immunofluorescence studies, we fused BRCC36 with GFP to more quantitatively analyze its accumulation in live cells. Consistently, laser microirradiation triggered robust accumulation of BRCC36 onto DNA damage tracks (Fig.  2I ), and this was partially attenuated in cells expressing the BRCC36 DUB mutant. We concluded that K63-Ub DUB activity plays an accessory role to facilitate the stable accumulation of BRCC36 at DSBs.
BRCC36 DUB Activity Limits DNA End Resection-DNA end resection generates 3Ј single-stranded DNA (ssDNA) overhangs and is an early and decisive process for committing DSB repair via the HR pathway (27) (28) (29) . Given the requirement of BRCC36 DUB in restraining HR repair ( Fig. 1 ) and that the BRCA1-A complex suppresses HR by modulating DNA end resection (23, 24, 30) , we hypothesized that BRCC36 DUB may be important in blocking end resection events. To explore whether BRCC36 DUB modulates these early steps in HR repair, we examined the requirement of BRCC36 DUB in DSB end resection following cell irradiation. We performed a nondenaturing BrdU staining assay in BRCC36 KO and reconsti-tuted cells to assess DNA end resection (Fig. 3A ). Because epitopes of the thymidine analogues are buried when they are in a dsDNA configuration, we can specifically and directly analyze ssDNAs. Accordingly, cells were preincubated with culture medium supplemented with BrdU. Following an ionizing radiation treatment, cells were processed for anti-BrdU labeling under native conditions. In line with the requirement of BRCC36 in blocking DSB end resection (23, 24) , BRCC36 null cells displayed BrdU foci of higher intensities, which colocalize with the DNA damage marker ␥H2AX (Fig. 3B ). We then directly examined whether the BRCC36 DUB is also required for blocking DSB end resection in BRCC36-reconstituted cells. In support of a role of K63-Ub deubiquitylating activity in the early steps of HR, cells expressing BRCC36 QSQ fueled much more robust IR-induced ssDNA foci, which reflected higher rates of DSB end resection ( Fig. 3C ). Previous work has established that ssDNA overhangs at DSBs are coated by RPA and that phosphorylation of RPA closely correlates with activation of the ATR-CHK1 pathway (31) . Therefore, to complement the findings from the above immunofluorescence experiments, we biochemically analyzed RPA2 phosphorylation in BRCC36 KO cells as well as in their reconstituted counterparts. Consistently, BRCC36-deficient cells mounted a hyperactive response, as judged by increased levels of phosphorylated RPA2 when compared with wild type parental cells (Fig. 3, D and E) . RPA phosphorylation following cell irradiation increased in a time-dependent manner, which correlates with DSB end processing ( Fig. 3E ). Importantly, reintroduction of wild type BRCC36, but not its QSQ mutant, suppressed RPA2 phosphorylation to levels observed in isogenic BRCC36-proficient cells. Taken together, these data implied that BRCC36 negatively regulates DNA end resection in ways that require its DUB activity.
BRCC36 Promotes Ionizing Radiation-induced Focus (IRIF) Formation of RAP80 Complex via Its DUB Activity-In response to IR, a plethora of DDR proteins are recruited to DSBs to form focal structures that are commonly referred to as IRIFs. ␥H2AX and 53BP1 are established DSB markers and concentrate at chromatin domains surrounding DSBs. Multiple groups have reported that the components of the RAP80 complex (including RAP80, BRCC36, Abraxas, Merit40, and BRE), the scaffolding core complex that anchors BRCA1 onto DSB domains, play interdependent roles in their recruitment to DSBs. Indeed, RNAi-mediated depletion of each of the individual components of the RAP80 complex compromised the integrity of the complex and resulted in defective IRIF formation. Given that BRCC36 is essential for the IRIF formation of the BRCA1-A complex (9, 12, 32) , we examined whether BRCC36 DUB activity may be important in the RAP80-BRCA1 pathway. We first analyzed IRIF formation of three key components of the BRCA1-A complex, namely RAP80, Abraxas, and BRCA1, in cells depleted of BRCC36. Consistently, we found that the numbers of IRIFs of these components were significantly reduced in BRCC36 siRNA-treated cells (Fig. 4, A and D-F) . To directly test whether the BRCC36 DUB activity is important in supporting the stable accumulation of RAP80, Abraxas, and BRCA1 at DSB-flanking chromatin domains, we monitored their focus formation in BRCC36-depleted cells that stably express siRNA-resistant versions of either wild type BRCC36 or its DUB-inactive QSQ mutant (Fig. 4, B-F) . Notably, formation of IRIFs in BRCC36-depleted cells was restored by reintroducing wild type BRCC36, which excluded off-target effects from the use of siRNA. Notably, the observation that BRCC36 QSQ did not restore IRIF formation of the BRCA1-A complex is clearly indicative of a role of BRCC36 DUB in enforcing the stable accumulation of the complex at DSBs (Fig. 4, D-F) .
We further our analyses in isogenic wild type and BRCC36 KO cells ( Fig. 5A ) and in BRCC36-reconstituted counterparts (Fig. 5B ). Similar to results generated from RNAi studies, we found that BRCC36 deficiency resulted in marked reduction of IR-induced focal accumulation of RAP80, Abraxas, and BRCA1 at ␥H2AX-marked DSBs (Fig. 5, C-F) . When comparing BRCC36-reconstituted cells (wild type and QSQ) to directly assess the importance of BRCC36 DUB in the RAP80-BRCA1 pathway, we found, interestingly, that both wild type BRCC36 and its QSQ mutant, to a large extent, restored IRIFs of RAP80, Abraxas, and BRCA1. Most notable, however, was our observation that RAP80 and Abraxas foci were reproducibly weaker in QSQ-expressing cells (Fig. 5, C-F) . Similar deficits were seen in independent BRCC36 KO clones that stably express either wild type BRCC36 or its QSQ, which argues against clonal effects (Fig. 5F ). Perhaps because BRCA1 can be recruited to DSBs via multiple pathways (22, 33) , we did not detect a clear difference in BRCA1 IRIFs. Anyhow, the fact that the sizes of each of the RAP80 and Abraxas IRIFs were reduced mirrored our early observation where QSQ does not fully support the stable accumulation of BRCC36 at DSBs (Fig. 2I ) and highlights the idea that not only is BRCC36 important as a scaffolding component of the RAP80 complex in the DDRs, but its enzymatic activity as a DUB also contributes to the functionality of the BRCA1-A complex.
Analysis of K63-Ub Foci in BRCC36-deficient Cells-Our observation that BRCC36, via its DUB, facilitates the stable accumulation of the BRCA1-A complex at DSBs prompted us to examine in more detail the contribution of BRCC36 DUB activity at DSBs. Consistent with documented roles of BRCC36 in hydrolyzing Lys 63 -linked ubiquitin polymers, a substantial increase in K63-Ub foci was detected in independent BRCC36 KO cells (Fig. 6A ). In addition, reconstituting BRCC36 KO cells with the DUB-inactive QSQ, unlike wild type BRCC36, did not suppress the IR-induced K63-Ub foci. These data consolidate a role of BRCC36 as K63-Ub-hydrolyzing activity at the DSBflanking chromatin domains and suggest that the ability to trim K63-Ub polymers may underlie a positive feedback mechanism that drives the stable accumulation of the ubiquitin-binding RAP80 at DSBs (Fig. 6B ).
Discussion
BRCC36 encodes a K63-Ub DUB and participates in cell responses to DSBs by promoting the functionality of the BRCA1-A complex. Although the regulatory basis of its DUB activity is beginning to be understood (3) (4) (5) (6) 34) , it has remained unknown whether the BRCC36 ubiquitin hydrolyzing activity plays a role in mammalian DNA damage responses. In this study, we have systematically examined, by adopting both RNAi and genome editing approaches, whether BRCC36 and its DUB may be functionally important in driving cellular response to DSBs. We showed that BRCC36, in a DUB-dependent manner, promotes stable accumulation of the BRCA1-A complex at DSBs and modulates DSB repair by limiting DNA end resection, one of the early steps of an HR reaction. Taken together, our study establishes a role of the BRCC36-encoded K63-Ub deubiquitylating activity in DSB signal transduction and repair processes.
Our observations that BRCC36, via its DUB, facilitates IRIF formation of the BRCA1-A complex suggest that ubiquitin processing at DSBs plays a role in the stable accumulation of the protein complex (35) . Given that RAP80 binds to Lys 63 -linked ubiquitin adducts and plays a direct role in anchoring the BRCA1-A complex at DSBs (8, 11, 13) , it may first seem counterintuitive that inactivating the BRCC36 DUB, which led to marked increase in K63-Ub foci at DSBs (Fig. 6A) , impaired IRIF formation of RAP80 ( Figs. 4D and 5C) . Notably, the apparent disconnect may be reconciled if K63-Ub foci represent a collection of ubiquitin-modified DSB-occupying factors and if RAP80 is targeted to DSBs via only a subset of these ubiquitin adducts. Addressing this possibility will require further work to identify the ubiquitylated factor(s) that interacts with the RAP80 tandem ubiquitin-interacting motifs at DSBs.
By interacting with certain K63-Ub adducts, RAP80 is envisaged to anchor the BRCA1-A complex in the vicinity of DSBs (36) . Intriguingly, we found that genetic inactivation of BRCC36 attenuated RAP80 IRIF, suggesting that the DUB and its ubiquitin hydrolyzing activity may play positive roles in amplifying DNA damage signals that emanate from the damaged chromatin. This idea is not unprecedented because a number of positive feedback mechanisms have previously been shown to drive the amplification of DSB signals (37, 38) . Our data thus suggest that BRCC36, in both DUB-dependent and FIGURE 2. Characterization of BRCC36 knock-out cells. A, BRCC36 KO cells were generated using the CRISPR/CAS9 genome editing approach. Two independent guide RNAs (gRNA) were designed to target BRCC36 on chromosome X. B and C, analysis of BRCC36 KO cells. Western blotting experiments were performed to screen for BRCC36 KO clones (B), and selected clones were further verified by indirect immunofluorescence studies and Western blotting experiments (C). BRCC36 Ϫ/Ϫ cells or their SFB-BRCC36 or SFB-QSQ reconstituted counterparts were examined by cell labeling using anti-FLAG antibodies (D), by Western blotting experiments (F), and by a BrdU incorporation assay (H). Western blotting experiments were also performed to examine expression of the BRCA1-A complex subunits following RNAi-mediated depletion of BRCC36 (E). G, BRCC36 DUB is dispensable for its interaction with components of the BRCA1-A complex. Co-immunoprecipitation experiments were performed using cell lysates derived from BRCC36 null cells (clone 20) or their reconstituted (wild type or QSQ) counterparts. Lysates from cells expressing SFB-BRCC36 or QSQ were incubated with streptavidin-agarose beads. Expression and the presence of co-purified proteins in the BRCC36 WT complex or BRCC36 QSQ complex were analyzed by Western blotting using the indicated antibodies (RAP80, Abraxas, Merit40, BRE, and FLAG). I, accumulation of BRCC36 and its QSQ mutant at laser microirradiation-induced damage tracks in U2OS cells. U2OS cells were transiently transfected with expression constructs encoding GFP-fused BRCC36 or its QSQ mutant. Cells were irradiated by a 405-nm laser. Images were taken before and after treatment at the indicated time. Intensity of BRCC36 accumulation was analyzed by use of the ImageJ software and was plotted (right), n Ͼ 10. Co-immunoprecipitation and Western blotting experiments were also performed to evaluate the integration of GFP-BRCC36 (and QSQ) into the BRCA-A complex (right). U2OS cells transfected with GFP-BRCC36 (or QSQ) expression constructs were processed as in G. Error bars, S.D.
-independent ways, may also play a similar role to facilitate DSB signal propagation via the RAP80-BRCA1 axis. Although it remains unclear exactly what BRCC36 acts on to facilitate the productive accumulation of the BRCA1-A complex at DSBs, the K63-Ub DUB has been reported to regulate the ubiquitylation status of a panel of DDR factors, including ␥H2AX (10), RAP80 (34), and FANCG (39), raising the possibility that BRCC36 may perform its stabilizing function of the BRCA1-A complex by multiple means. Future studies will be required to further delineate how BRCC36 enforces the BRCA1-A complex at DSB-flanking domains via its DUB activity.
Excessive DNA end resection fuels unrestrained HR repair. In this regard, although the RAP80-BRCA1 axis has been proposed to play a critical role in genome maintenance by limiting DNA end resection and HR-based DSB repair (23, 24) , exactly how BRCC36, as a subunit of the BRCA1-A complex, contributes to these functions has remained elusive. Although it remains enigmatic why the BRCC36-encoded DUB activity seems to be more important in the stable accumulation of the BRCA1-A complex at DSBs in cells transiently depleted of BRCC36 (Fig. 4) as opposed to BRCC36 null cells (Fig. 5) , given the diverse roles of BRCC36, we speculate that siRNA- mediated depletion of BRCC36 may perturb the homeostatic balance of the ubiquitin pool and may, directly and indirectly, lead to more severe deficits in the ubiquitin-mediated DSB signal transduction cascade. Regardless, our results clearly support the idea that BRCC36 DUB activity represents a critical component that underlies the cell intrinsic ability to restrain HR repair. Our findings strongly suggest that BRCC36 antagonizes HR repair, at least in part, by its ability to promote the stable accumulation of the BRCA1-A complex at DSBs, which in turn may physically impede the DSB end resection machinery. In summary, we have characterized and have uncovered an important role of the BRCC36 DUB in DSB signal transduction and repair. We propose that functional coupling of ubiquitin recognition and processing may underlie the functionality of the BRCA1-A complex in mammalian DDRs. A and B, BRCC36 -proficient or -null cells and their reconstituted counterparts were processed for indirect immunofluorescence experiments; C and D, BRCC36 promotes IRIF formation of RAP80 (C) and Abraxas (D) in a DUB-dependent manner. BRCC36 null cells or their derivatives stably expressing SFB-BRCC36 or its QSQ mutant were treated with IR and processed for cell labeling using the indicated antibodies. Nuclei were counterstained using DAPI. ␥H2AX was used as a DSB marker. E, BRCA1 IRIF did not noticeably differ in BRCC36 null cells reconstituted with wild type BRCC36 or its DUB mutant. Cells were processed as above. The number of IRIF-positive cells was counted, and relative fluorescence intensity of IRIFs was measured by the Metamorph software and quantified (F). Data are representative of three independent experiments and are of two independent BRCC36 KO clones that have been reconstituted with either wild type BRCC36 or its QSQ mutant. *, p Ͻ 0.05; ****, p Ͻ 0.0001. Error bars, S.D.
Materials and Methods
Cell Culture and Transfection-293T and U2OS cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% FBS at 37°C in 5% CO 2 . Transient transfection was performed with polyethyleneimine.
Generation of BRCC36 Stable Cells and Knock-out Cells-To generate cells that stably express BRCC36 (wild type or mutant), BOSC23 packaging cells were co-transfected with pEF1A-HA-FLAG (HF)-BRCC36 or pCMV-streptavidin binding peptide-FLAG (SFB)-BRCC36 expression constructs with the retrovirus packaging vector pCL-Ampho. 48 h post-transfection, supernatant containing viral particles was harvested and applied to U2OS cells in the presence of Polybrene (8 g/ml). Positive clones were selected in DMEM supplemented with puromycin (1 g/ml). BRCC36 knock-out cells were generated by the CRISPR-CAS9 approach using guide RNAs that target either human chromosome X (155071638 -155071656) or human chromosome X (155072321-155072338), respec-tively. BRCC36 knock-out clones were verified by immunoblotting and immunofluorescence staining experiments using anti-BRCC36 antibodies.
Plasmids and siRNAs-HA-FLAG-BRCC36 or SFB-BRCC36 expression constructs were generated using Gateway technology. Plasmids encoding siRNA-resistant BRCC36 or its mutant were gifts from Roger Greenberg (University of Pennsylvania). For RNAi-mediated depletion experiments, cells were transfected with either non-targeting control or target siRNAs (Dharmacon) using Oligofectamine according to the manufacturer's instructions (Invitrogen). Sequences for siRNAs targeting BRCC36 and PALB2 are as follows: siBRCC36, 5Ј-GAGGAAGGACCGAGUAGAAdTdT-3Ј; siPALB2, 5Ј-GCAUAAACAUUCCGUCGAAdTdT-3Ј.
Antibodies-BRCC36, Abraxas, and RAP80 polyclonal antibodies were raised by immunizing rabbits with purified GST-BRCC36, GST-Abraxas, and GST-RAP80 proteins, respectively. FLAG (M2) and actin monoclonal antibodies were purchased from Sigma. Myc (9E10) and BRCA1 (D9) monoclonal antibodies were from Santa Cruz Biotechnology. RAP80, phospho-RPA2, and RPA2 antibodies were from Bethyl Laboratories. Mouse and rabbit anti-␥H2AX antibodies were described previously (40) . Anti-BrdU (clone B44) antibodies were from BD Biosciences. Anti-K63-Ub (Apu3) antibodies were from Millipore. Merit40 and BRE antibodies were gifts from Junjie Chen (MD Anderson Cancer Center).
HR DNA Repair Assay-U2OS cells stably expressing direct repeated GFP and BRCC36 (wild type or mutant) were transfected with either control or BRCC36-targeting siRNAs twice at 24-h intervals. 24 h after siRNA transfection, cells were electroporated with 5 g of pCBASceI plasmid using a Bio-Rad Gene Pulser Xcell at 250 V and 950 microfarads. GFP-positive cells were analyzed using a BD LSRFortessa flow cytometer. Data quantification was performed using FlowJo software.
Immunofluorescence Staining-U2OS cells grown on coverslips were exposed to IR (10 grays). After 4-or 6-h recovery, cells were pre-extracted with 0.5% Triton X-100 solution followed by fixation with 3% paraformaldehyde at room temperature for 15 min. Cells were blocked with 5% FBS in PBS and were incubated with the indicated primary and secondary antibodies for 30 min, respectively. Images were acquired using an Olympus BX51 fluorescence microscope or Carl Zeiss confocal 710 microscope. For analysis of DNA end resection, non-denaturing BrdU labeling was performed. U2OS cells were preincubated with 10 M BrdU for 24 h and then irradiated (10 grays). After a 4-h recovery, cells were fixed under non-denaturing conditions for indirect immunofluorescence experiments.
Co-immunoprecipitation Experiments-Cells were harvested and lysed with NETN buffer (20 mM Tris-HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40) on ice. The cell lysates were centrifuged at 14,000 rpm for 10 min, and the supernatant was collected and incubated with streptavidin-conjugated beads for 4 h with agitation. The precipitated proteins in BRCC36 WT complex or in BRCC36 QSQ complex were loaded for SDS-PAGE and immunoblotting. 
